Agents that activate expression of specific genes to probe cellular pathways or alleviate disease would go beyond existing approaches for controlling gene expression. Duplex RNAs complementary to promoter regions can repress or activate gene expression. The mechanism of these promoter-directed antigene RNAs (agRNAs) has been obscure. Other work has revealed noncoding transcripts that overlap mRNAs. The function of these noncoding transcripts is also not understood. Here we link these two sets of enigmatic results. We find that antisense transcripts are the target for agRNAs that activate or repress expression of progesterone receptor (PR). agRNAs recruit Argonaute proteins to PR antisense transcripts and shift localization of the heterogeneous nuclear ribonucleoprotein-k, RNA polymerase II and heterochromatin protein 1c. Our data demonstrate that antisense transcripts have a central role in recognition of the PR promoter by both activating and inhibitory agRNAs.
agRNAs complementary to target sequences within gene promoters can either activate or inhibit gene expression in mammalian cells [1] [2] [3] [4] [5] [6] [7] (we use the terminology agRNA to distinguish them from duplex RNAs that target mRNA). Gene activation and inactivation are sequence specific. agRNAs that differ by just a few bases can either activate or silence gene expression and compete for recognition at overlapping target sites 7 . Although these data demonstrate that agRNA activity requires complementarity to promoter sequences, the identity of their molecular target was not known.
Characterizing the target for agRNAs is essential for understanding their mechanism of action, for investigating the existence of endogenous agRNAs and for developing agRNAs as therapeutics. We and others have shown that agRNAs recruit Argonaute (AGO) proteins to promoter DNA 4, 5 and that reducing levels of AGO blocks agRNA activity 4, 6 . AGO proteins are known to mediate recognition of mRNA by small RNAs during post-transcriptional RNA interference (RNAi) 8, 9 . Involvement of AGO in the activity of agRNAs suggested that agRNAs might also bind to RNA. There were, however, no known RNA transcripts at the PR promoter and therefore no obvious RNA targets for agRNAs.
Here we characterize the transcriptional landscape of the PR promoter in human cancer cells and identify previously undiscovered transcripts that span 70,000 nucleotides across the coding region of the gene and the promoter. Our data demonstrate that antisense transcripts are essential for agRNA-mediated gene activation at the PR promoter and that binding of agRNAs to antisense transcripts mediates formation of complexes with proteins and chromosomal DNA. Table 1 online) activate or inhibit PR expression in different cellular contexts. agRNAs inhibit transcription of PR in T47D breast cancer cells 3, 4 , which express high levels of PR. Similar agRNAs activate PR expression in MCF7 breast cancer cells, which express low levels of PR, and in T47D cells grown under conditions that repress PR expression 7 .
RESULTS

Antisense transcripts overlap the PR promoter agRNAs (Supplementary
To investigate the existence of RNA transcripts that might act as targets for agRNAs, we used 5¢ rapid amplification of cDNA ends (RACE) to search for undiscovered transcripts that initiate upstream from the transcription start site for PR. We did not identify any transcripts initiating upstream of the previously determined transcription start site 10 ( Supplementary Fig. 1a ,b,f,g online). 5¢ RACE of MCF7 cells treated with activating agRNA PR11 (targeted to the -11/+8 sequence at the PR promoter) 7 revealed a shift to a similar distribution of transcription start sites to that defined in T47D cells ( Supplementary Fig. 1c ). Although we did not detect any transcripts initiating upstream of the established +1 site for PR, we were able to use reverse-transcription PCR (RT-PCR) to detect RNA overlapping the PR promoter ( Fig. 1a,b ). Quantitative PCR (qPCR; Supplementary Table 2 online) revealed that RNA levels at the PR promoter in both MCF7 and T47D cells were 10-fold to 1,000-fold below PR mRNA levels ( Fig. 1c and Supplementary Fig. 1d ).
Detection of RNA at the PR promoter, combined with our inability to detect sense transcripts, suggested that transcription might be occurring in the antisense direction. Using 5¢ RACE we identified antisense RNA transcripts AT1, AT2-T47D (found only in T47D cells) and AT2-MCF7 (found only in MCF7 cells) as overlapping the region targeted by agRNAs ( Fig. 1d and Supplementary Fig. 2 online) , making them potential targets for direct physical interactions with agRNAs. The AT2 transcripts are spliced and polyadenylated, contain repetitive elements (long and short interspersed nuclear elements (LINEs and SINEs) and long terminal repeats (LTRs)) and are transcribed over a 70-kb region of genomic DNA ( Supplementary  Fig. 1e ).
AT2-T47D and AT2-MCF7 antisense transcripts were the most highly expressed transcripts ( Fig. 2a ), and we chose them for further study ( Fig. 2b-d) . The physiological levels of AT2 transcript parallel levels of PR mRNA. Both PR mRNA and PR antisense transcript levels are highest in T47D cells, lower in MCF7 cells and undetectable in A549 lung cancer cells ( Fig. 2b) . Addition of activating agRNA PR11 to A549 cells does not increase PR expression, supporting the suggestion that expression of the antisense transcript is necessary for agRNA activity. Recognition of RNA targets by fully complementary duplex RNAs is often associated with target-strand cleavage by AGO and reduced levels of the target RNA. Addition of activating RNA PR11 to MCF7 cells, however, did not affect levels of the antisense transcript ( Fig. 2c ), suggesting that the agRNA does not induce transcript cleavage.
Antisense transcripts are necessary for gene activation
To assess involvement of antisense transcripts in the regulation of gene expression by agRNAs, we obtained single-stranded oligonucleotides (Supplementary Table 3 online) complementary to sequences shared by antisense transcripts AT2-MCF7 and AT2-T47D. These single-stranded oligonucleotides are 'gapmers' containing a central DNA portion designed to recruit RNase H to cleave their RNA target and flanking 2¢-methoxyethyl RNA regions to enhance affinity to target sequences 11 . Gapmers are effective gene-silencing agents and show promise in clinical trials 11 . The goal for these experiments was to use gapmers to test the effect of reducing antisense transcript levels on the activity of agRNAs.
We tested ten gapmers (G1-G10; Supplementary Table 3 ) for their ability to reduce levels of antisense transcript AT2 in both MCF7 and T47D cells. Gapmers G1-G3 were complementary to spliced AT2; G4-G10 were not. We identified one gapmer, G1, capable of reducing levels of AT2 in both MCF7 and T47D cells ( Fig. 3a,b Supplementary Fig. 3 online). We also identified a less active gapmer, G2, capable of reducing transcript levels in MCF7 cells. Reduced levels of the antisense transcript after the addition of gapmers did not change the basal expression of PR in MCF7 ( Fig. 3c ) or in T47D cells ( Fig. 3d ), suggesting that inhibiting expression of the antisense transcript was not sufficient to activate or repress endogenous PR. Gapmer G7, which is not complementary to AT2, was used as a negative control. When gapmer G1 was added to cells, the gene activation by agRNA PR11 was reversed ( Fig. 3e ). This result supports the hypothesis that the antisense transcript is involved in RNA-mediated gene activation. Addition of the less active gapmer G2 or gapmer G7, which was in the sense orientation (that is, gapmer G7 possessed the same sequence as the antisense transcript and was not complementary to AT2), did not reduce activation of PR expression. Addition of gapmer G1 to T47D cells has little effect on gene silencing by inhibitory agRNA PR9 (targeted to the -9/+10 sequence at the PR promoter) 3, 4 (Fig. 3f ). One explanation for the inability of gapmer G1 to reverse gene silencing is that the antisense transcript is more prevalent in T47D cells than in MCF7 cells ( Fig. 2b ), making it difficult to reduce the level of the antisense transcript sufficiently in T47D cells to inhibit agRNA activity.
agRNAs bind to antisense transcripts
To investigate the potential for physical interactions between agRNAs and antisense transcripts, we modified the 3¢ termini of either agRNA strand with biotin ( Supplementary Table 1 ). Biotin labeling did not affect agRNA activity. Biotinylated agRNAs activated PR expression in MCF7 cells ( Fig. 4a,b ) and inhibited PR expression in T47D cells ( Fig. 4c,d ) with efficiencies similar to those shown by analogous unmodified agRNAs.
We harvested cell nuclei, purified biotinylated material using streptavidin-coated beads and eluted bound material. We analyzed the eluate by qPCR and detected the antisense transcript AT2-MCF7 from MCF7 cells transfected with activating agRNA PR11 biotinylated on the strand complementary to AT2-MCF7 ( Fig. 4e) . Similarly, antisense transcript AT2-T47D could be purified from T47D cells transfected with inhibitory agRNA PR9 biotinylated on the strand complementary to AT2-T47D (Fig. 4f) . The identities of the amplified products were verified by sequencing ( Supplementary Fig. 4 online) .
Control experiments support the conclusion that agRNAs are binding to antisense transcripts. The antisense transcript was not detected after treatment with agRNAs that lacked biotin, and no amplified product was observed when the biotinylated strand was not complementary to AT2 (Fig. 4e,f) . No product was detected using conditions designed to amplify genomic DNA, suggesting that there is no direct interaction between biotinylated agRNAs and chromosomal DNA.
agRNAs recruit AGO protein to antisense transcripts Models for how transcribed RNA can act as a scaffold for protein complexes that affect heterochromatin formation in Schizosaccharomyces pombe and Drosophila melanogaster have been described previously 12, 13 . We proposed that the antisense transcripts in human cells may act as scaffolds for organizing proteins at promoters and reasoned that AGO proteins would be involved.
Chromatin immunoprecipitation (ChIP) using a well-characterized antibody that recognizes all four human AGO proteins 14 revealed a five-fold increase in the association of AGO with the PR promoter in MCF7 cells treated with activating agRNA PR11 ( Supplementary  Fig. 5a online) . We observed a similar increase in AGO association in T47D cells treated with silencing agRNA PR9 ( Supplementary  Fig. 5b ). In parallel, we used ChIP to evaluate binding of RNA polymerase II (RNA Pol II) at the PR promoter. We observed that activated agRNA PR11 enhanced association of RNA Pol II, whereas inhibitory agRNA PR9 reduced association ( Supplementary Fig. 5c,d) .
To investigate the potential for interactions between antisense transcript AT2 and AGO proteins we used RNA immunoprecipitation (RIP) 15 . This method is similar to ChIP but has been modified to detect RNA associated with proteins. Addition of activating agRNA PR11 promoted the association of AGO protein with antisense transcript AT2-MCF7 ( Fig. 5a and Supplementary Fig. 4b ). We performed RIP experiments using T47D cells and observed that silencing agRNA PR9 also promoted association of AGO to antisense transcript AT2-T47D ( Fig. 5b) .
Our data suggest that agRNAs promote the association of AGO, antisense transcripts and chromosomal DNA in close proximity to the PR promoter. Data obtained using biotinylated agRNAs suggest a direct interaction between agRNAs and the antisense transcripts. The association between AGO and chromosomal DNA is probably mediated through proteins, making it indirect. Our ChIP and RIP protocols include a step that cross-links protein and nucleic acid. It is likely that cross-linked proteins provide a bridge between AGO proteins, the antisense transcript and chromosomal DNA.
agRNAs shift localization of hnRNP-k from DNA to RNA We proposed that formation of RNA-protein complexes at promoters would include interactions between RNA binding proteins, the antisense transcript and proteins that interact with the PR promoter. We chose to examine heterogeneous nuclear ribonucleoprotein-k (hnRNP-k) 16 as a candidate for participating in agRNA-mediated complexes because it interacts with RNA and DNA and forms interactions with a wide variety of proteins. The PR promoter contains potential binding sites for hnRNP-k, providing another reason to test its involvement in the mechanism of agRNA action.
We used ChIP with an anti-hnRNP-k antibody to characterize the association of hnRNP-k at the PR promoter. Transfection of cells with activating agRNA PR11 or inhibitory agRNA PR9 reduced levels of hnRNP-k at the PR promoter ( Supplementary Fig. 5e,f) . We then used RIP to determine whether hnRNP-k associates with PR antisense transcripts upon addition of agRNAs. We performed RIP experiments in MCF7 cells treated with activating agRNA PR11 or in T47D cells treated with inhibitory agRNA PR9. Addition of either agRNA PR11 or agRNA PR9 recruited hnRNP-k to antisense transcript AT2 ( Fig. 5c,d) . The ChIP and RIP data showed that addition of agRNAs shifted localization of hnRNP-k from chromosomal DNA to the antisense transcript, suggesting that agRNAs can induce the remodeling of protein interactions at gene promoters.
Involvement of heterochromatin protein 1 (HP1)
In S. pombe and D. melanogaster, Swi6 localization and heterochromatic gene silencing are affected by expression of proteins involved in RNAi. In S. pombe, interactions between silencing RNAs and chromosomal DNA are mediated by the RNA induced transcriptional silencing (RITS) complex, and Swi6 seems to be required for this process 13, 17 . HP1 proteins are the mammalian homolog of Swi6. They were initially characterized for their association with heterochromatic gene silencing in mammalian cells. A RITS-associated role for HP1, however, has not been demonstrated in human cells. HP1 exists in three isoforms (a, b and g). We examined the involvement of HP1g because it had been relatively well characterized in many roles in human cells, and, unlike HP1a and HP1b, HP1g has been found in both heterochromatin and euchromatin [18] [19] [20] . We performed ChIP and RIP experiments using an anti-HP1g antibody to assess binding of HP1g to the PR promoter or association with the AT2 transcript in T47D and MCF7 cells transfected with silencing agRNA PR9 or activating agRNA PR11, respectively. Transfection of MCF7 cells with activating agRNA PR11 reduced levels of HP1g at the PR promoter ( Supplementary Fig. 5g ) and at the antisense transcript (Fig. 5e ). Addition of inhibitory agRNA PR9 had little effect on levels of HP1g at the PR promoter ( Supplementary  Fig. 5h ) or at the antisense transcript (Fig. 5f) . The observed reduction of HP1 levels during gene activation, but not gene silencing, suggests a potentially important mechanistic difference between the two processes.
DISCUSSION
The ability to use small RNAs to sequence-specifically activate a gene to alleviate a disease or probe a biological problem would supply a capability that is not provided by traditional RNA-mediated approaches focusing on gene silencing. Although the promise of gene activation is clear, the ability of agRNAs to activate or inhibit gene expression has been controversial 2,21 , in large part because agRNAs seemed to have no clear molecular target. We have found that agRNAs complementary to the PR promoter form a complex with AGO protein and bind an antisense RNA transcript that overlaps the promoter (Fig. 6) . The antisense transcript-agRNA-AGO complex then acts as a scaffold for recruiting or redirecting other factors, such as hnRNP-k and HP1. The agRNA-antisense RNA transcript-protein complex forms in proximity to the promoter, affecting the balance of gene regulation.
Gene activation and gene silencing
Both activating and silencing agRNAs bind to antisense transcripts and recruit AGO and hnRNP-k proteins. In view of these similarities, what mechanism can explain the ability of closely related RNAs to activate expression of a gene in one context and inhibit it in another? Our studies are at an early stage, and we cannot present any definitive answers for this central question. Our data, however, do provide several important clues. The first is that basal levels of expression affect whether activation or silencing is observed. Under growth conditions that lead to high PR expression in T47D cells, agRNAs repress gene expression. However, under growth conditions that lead to low PR expression in T47D cells, agRNAs can activate gene expression 7 . Thus, different outcomes can be achieved in the same cell line depending on basal expression levels and on the status of the promoter when the agRNA-AGO complex is recruited to the gene.
Another important clue is provided by our earlier observation that inactive RNAs can block gene activation by PR11 and other activating agRNAs, even though their target sequences differ by just a few bases 7 . These data suggest that agRNAs and related inactive RNAs compete for binding to target sequences. Relatively small differences in the location of target sequences dictate whether activation will occur.
The ability of agRNAs to activate gene expression in one context and repress expression in another is reminiscent of hormone-mediated regulation at gene promoters. In both MCF7 and T47D cell lines, expression levels of PR are poised to change upon addition of smallmolecule ligands or by altering cell-culture conditions. For example, addition of estrogen will increase PR expression in MCF7 cells 22 , whereas removal of hormone-like compounds will reduce PR expression in T47D cells 23 . Small molecules alter expression by changing the recruitment of proteins at the promoter. The fact that small molecules can remodel the protein machinery at the PR promoter and affect transcription provides a precedent for the ability of RNA to also trigger or repress gene expression.
Our data demonstrate that agRNAs target noncoding transcripts that overlap gene promoters. For PR, the transcript is in the antisense orientation, but it is possible that sense transcripts may also serve as platforms for agRNA recognition of other genes. Endogenous miRNAs have been found with near-perfect complementarity to gene promoters in either the sense or antisense orientations (S.T.Y., unpublished data). Genomic studies have revealed that both sense and antisense transcripts commonly overlap gene promoters [24] [25] [26] , providing a wide selection of possible targets for agRNAs. Antisense transcripts have been studied considerably in lower eukaryotes, notably 'aberrant' transcripts in yeast, which can be suppressed by histone deacetylase complexes 27, 28 .
Noncoding RNAs that act as scaffolds for protein recruitment or nucleic acid interactions may be a general strategy for controlling gene expression 29 that encompasses various regulatory mechanisms. Steitz has suggested that miRNAs can recruit AGO protein to AU-rich elements within the 3¢ UTR to activate translation 30 . In contrast to our results, mRNA was targeted, and activation required that the cells undergo cell-cycle arrest. Inhibition of dihydrofolate reductase (DHFR) expression by a sense transcript synthesized from an upstream promoter has been reported, and the authors postulate that the transcript directly binds to the DHFR promoter by triple-helix formation 31 . A single-stranded RNA labeled at the 5¢ terminus with biotin and complementary to the promoter for elongation factor 1a (EF1a) has been reported to associate with an extended 5¢ UTR variant of EF1a mRNA 32 , and a related duplex RNA can control EF1a expression. In contrast to these studies, we observe that (i) double-stranded agRNAs recognize antisense transcripts that originate within the target gene, (ii) interactions with the antisense transcript can lead to gene activation as well as gene silencing, regardless of cell-cycle stage, and (iii) agRNAs can recruit proteins to antisense transcripts and shift the localization of proteins from promoter DNA.
Endogenous agRNAs?
Our findings provide a mechanism for gene activation and gene silencing by agRNAs. The central role of antisense transcripts is especially intriguing because of the recent demonstration that networks of noncoding RNAs are ubiquitous features of genes [24] [25] [26] .
Gene activation or gene silencing of PR by agRNAs is a robust phenomenon, consistent with the possibility that agRNAs tap into pre-existing natural mechanisms. Antisense or sense transcripts that overlap promoters might act as targets for natural miRNAs. Computational approaches have revealed that many known miRNAs have substantial complementarity to sequences within gene promoters (S.T.Y., unpublished data). Endogenous RNA-mediated recognition of RNA transcripts at promoters by proteins would provide an additional mechanism for sequence-specifically delivering proteins to key regulatory regions. Because RNA can evolve new specificities for nucleic acid recognition more readily than proteins, a mechanism for RNA-mediated regulation of gene promoters would have evolutionary advantages.
METHODS
Cellular delivery of agRNAs. We used Oligofectamine or RNAi-max (Invitrogen) to deliver pdRNAs ( Supplementary Table 1 ) or single-stranded gapmer oligonucleotides ( Supplementary Table 3 ) into MCF7 or T47D cells 33 .
Quantitative PCR. We performed qPCR on an ABI7900 real-time PCR (Applied Biosystems) using Sybr Mastermix (Qiagen). Primers were designed using primer3 software (http://fokker.wi.mit.edu/primer3/input.htm) with the exception of primers for GAPDH, which were supplied as a control (Applied Biosystems) (Supplementary Table 2 ). Only those primer sets that show linear amplification over several orders of magnitude were used. RNA was treated with DNase before reverse transcription.
Chromatin immunoprecipitation. We performed ChIP as described 34 . Anti-hnRNP-k antibodies were supplied by Sigma. Anti-HP1g was acquired from Upstate. The anti-AGO antibody was developed in the Mourelatos laboratory (Z. Mourelatos, University of Pennsylvania) 14 . We harvested transfected cells immediately before ChIP analysis and used western analysis of PR protein levels to confirm either gene silencing or gene activation in the experiment. Primers used for ChIP are described in Supplementary Table 2. RNA immunoprecipitation. We performed RIP essentially as described 15 . We grew MCF7 or T47D cells in 150 cm 2 dishes and transfected duplex RNAs using RNAiMax (Invitrogen) 33 . Cells were cross-linked using 1% (v/v) formaldehyde solution and harvested. Cells were lysed and nuclei obtained. Antibody capable of binding the protein of interest (AGO 14 , hnRNP-k or HP1g) was incubated with nuclei overnight. The antibody-treated material was then mixed with Protein A/G agarose Plus (Santa Cruz) and washed five times as described 15 . Complex was eluted and cross-linking reversed by adding 200 nM NaCl and heating to 65 1C for 2 h. Samples were amplified using primers complementary to antisense RNA transcripts ( Supplementary  Table 1 ).
5¢ rapid amplification of cDNA ends. 5¢ and 3¢ RACE was performed according to the manufacturer's protocol using the GeneRacer kit (Invitrogen; http://tools.invitrogen.com/content/sfs/manuals/generacer_man.pdf). We chose this kit because it includes purification steps designed to yield fulllength RNA with intact 5¢ caps rather than truncated products. The 3¢ RACE protocol in this kit selects for polyadenylated transcripts. Multiple primer sets (Supplementary Table 2 ) were used to maximize detection of transcripts and reduce the likelihood of bias from any one primer set. PCR products were cloned into a PCR-4 Topo vector and sequenced (McDermott sequencing core, University of Texas Southwestern). We used the Platinum Taq High Fidelity kit (Invitrogen) to produce product for cloning. We sequenced several clones from at least two independent experiments to confirm results. All 5¢ and 3¢ RACE products were further verified by PCR-based cloning of the full-length transcript using primers targeting the 5¢ and 3¢ ends of the transcripts.
Biotin pull-down of small RNA-transcript complexes. MCF7 or T47D were grown in six-well dishes and transfected with biotinylated RNA heteroduplexes (a 3¢ biotin on either the sense or antisense strand, supplied by Sigma-Proligo) at a concentration of 100 nM for 24 h. Avidin-coated beads were prepared by preblocking with yeast tRNA and salmon sperm DNA. At 3 d after transfection, cells were harvested to obtain nuclei. The nuclei were mixed with avidin-coated beads at 4 1C for 2 h. We washed the beads exhaustively before elution of RNA using buffer (1.5% biotin, 4 M guanidine thiocyanate, 25 mM sodium citrate, 0.5% sodium N-lauroyl sarcosinate) for 2 h at 45 1C with periodic gentle agitation. Samples were treated with DNase to remove any contaminating DNA and then amplified by PCR using two different primer sets capable of amplifying the target antisense transcript. The biotin pull-down assay was modified from a previously reported protocol 35 , and the elution buffer was based on that described in ref. 36 . Primer sequences for amplification of antisense transcript are described in Supplementary Table 2 .
Note: Supplementary information is available on the Nature Structural & Molecular Biology website.
